The utilization of glycerol as a carbon source for growth by Klebsiella aerogenes, strain 2103, involves separate aerobic (sn-glycerol-3-phosphate or G3P) and anaerobic (dihydroxyacetone or DHA) pathways of catabolism. Enzyme and transport activities of the aerobic pathway are elevated in cells grown under oxygenated conditions on glycerol or G3P. Anaerobic growth on G3P as carbon source requires the presence of an exogenous hydrogen acceptor such as fumarate; cells thus grown also are highly induced in the G3P pathway. Anaerobic growth on glycerol requires no exogenous hydrogen acceptors; cells thus grown are highly induced in the DHA pathway but almost uninduced in the G3P pathway and the addition of fumarate electron acceptors has no effect on the relative levels of the two pathways. When both glycerol and G3P are provided anaerobically with fumarate, the DHA pathway is still preferentially induced, which probably accounts for the exclusive utilization of glycerol until its exhaustion. These observations suggest the presence of a regulatory control of G3P pathway imposed by the operation of the DHA pathway.
GLYCEROL AND G3P UTILIZATION BY K. AEROGENES Corp., Kankakee, Ill. Uniformly labeled ['IC ]G3P (20 mCi/mmol) and [14C] dihydroxyacetone (60 mCi/ mmol) were purchased from ICN Chemicals and Radioisotope Division, Irvine, Calif., and uniformly labeled ['4C]glycerol (134 mCi/mM) was from New England Nuclear Corp., Boston, Mass.
Bacteria. The E. coli K-12 used was strain 1 carrying a deletion of the alkaline phosphatase gene, pho A- (8) . The K. aerogenes 1033 (formerly designated Aerobacter aerogenes 1033 prior to its reassignment to the genus Klebsiella) used was strain 2103 lacking alkaline phosphatase and was isolated in the following way.
A wild-type clone was grown in liquid glucose medium and mutagenized with ethyl methane sulfonate (4) . After recycling the culture once in low phosphate Tris medium (LPM-Tris) containing 10 mM glucose in soft agar as an overlay on Tris agar plates, 2,000 cells per plate were suspended containing 10 mM glucose and 2 ,g of KH2PO4 per ml. After the top layer had gelled, a second layer of soft agar without cells was added. This technique allowed the screening of up to 5,000 small colonies of uniform size per plate for alkaline phosphatase activity. After incubation for 24 h at 37 C, the surface of the agar was first rinsed with 10 ml of 1 M Tris-hydrochloride at pH 8.0 and then covered with 5 ml of a solution containing naphthol AS-MX phosphate (2 mg/ml) in 1 M Tris-hydrochloride, pH 8.8, for 10 min at 25 C. The solution was then removed and the agar was rinsed again with Tris-hydrochloride buffer and covered with a mixture of 4 ml of 1 M Tris-hydrochloride at pH 8.8 and 1 ml of an aqueous solution of 20 mg of Fast Blue RR dye per ml (10) . The reaction was followed until the wild-type colonies turned dark brown, at which time white colonies were picked with sterilized capillary tubes and streaked on rich agar plates.
Strain 2103, detected as a white colony by this procedure, produces less than 6% of parental wildtype alkaline phosphatase activity as measured by the extent of orthophosphate inhibitable p-nitrophenyl phosphate hydrolysis at pH 8.8 (16) Corp.) at 1-, 2-, and 3-min intervals, and counted in 10 ml of Bray's solution (1).
Aerobic G3P dehydrogenase was assayed by measuring the coupled reduction of a tetrazolium dye at pH 7.5 without the addition of coenzymes (3). Anaerobic G3P dehydrogenase activity was assayed by measuring the increment in the reduction rate of the tetrazolium dye resulting from the addition of 10 mM flavin adenine dinucleotide (FAD) and 1 mM flavin mononucleotide (FMN) (5) .
Glycerol kinase and DHA kinase activities were measured by the binding of radioactive phosphorylated derivatives to diethylaminoethyl cellulose filters (H. Reeve Angel & Co., Clifton, N.J.). The presence of both kinases in the same extract and the reactivity of each with the substrate of the other (E. coli glycerol kinase has a Km of 0.01 mM for glycerol and a Km of 0.5 mM for DHA) required a modification of the assay procedure previously described (12) . The activity of each enzyme was measured by the addition of radioactive substrate to a final concentration of 0.01 mM in the presence of unlabeled nonphysiological substrate.
The presence of a 10-fold excess of unlabeled DHA in assays of glycerol kinase inhibited by 10 Glycerol dehydrogenase activity was measured for 2 to 5 min by the linear increase in absorbance at 340 nm produced by the addition of cell extract to a reaction mixture containing 0.1 M potassium carbonate buffer, pH 9.0, 30 mM ammonium sulfate, 0.6 mM NAD, and 0.1 M glycerol. NADH oxidase activity was found to be negligible under the experimental conditions.
All spectrophotometric assays were conducted at 30 C, while kinase and permeation assays were measured at 25 C.
Purification of D ,L-a-glycerol-3-phosphate. The presence of significant levels (2 to 8%) of glycerol in commercially available reagent grade D, L-a-glycerol-3-phosphate necessitated the following purification. One volume of 1.5 M solution of the racemic mixture was added slowly with stirring at 25 C to four volumes of 80% ethanol. After 1 h of cooling at 4 C with stirring, the precipitate was collected, partially dried under vacuum, and dissolved in the original volume of water. The ethanol precipitation was repeated. The final residue was dried under vacuum at 25 C to remove excess aqueous alcohol. G3P twice purified by this procedure was found by enzymatic assay to contain 0.2 to 0.4% glycerol. The yield was approximately 80%. Quantitation of glycerol and G3P. The concentration of glycerol in culture media was measured spectrophotometrically in a system dependent upon the coupling of glycerol kinase activity to those of L-lactic dehydrogenase and pyruvate kinase (3) . The concentration of G3P in culture media was determined enzymatically by G3P-dependent reduction of MTT (3). Dissimilation of a mixture of glycerol and G3P. To test whether there is a preference of utilization when glycerol and G3P are provided together, cells were inoculated into a medium containing 2 to 5 mM of each nutrient. At this low concentration, the entry of G3P into the cell was found to be impeded by orthophosphate at a high concentration (100 mM). PIPES or citrate was therefore employed as the buffer, and phosphate was added only at 1 mM. The subsitution of the buffer did not have a pronounced effect on the growth rates studied (compare data in Tables 1 and 2) .
RESULTS

Growth
Aerobic growth on the mixture of glycerol and G3P occurred at a steady rate until carbon source exhaustion (Fig. 2A) . The two nutrients were utilized simultaneously, although the rate of glycerol depletion was faster than that of G3P depletion (Fig. 2B) . In contrast, anaerobic growth on glycerol and G3P, in the presence of 40 mM fumarate as the hydrogen acceptor was diauxic (Fig. 3A) . Analysis of the culture medium revealed no appreciable utilization of G3P before 90% of glycerol was consumed (Fig. 3B) . When a similar set of experiments was carried out with E. coli, no biphasic growth was observed either aerobically or anaerobically (Fig.  2C and D, 3C and D) . It might be noted, however, that aerobically glycerol was used (Fig. 4) . Aerobic growth, whether on glycerol or G3P, resulted in high G3P pathway activities and low activities of the DHA pathway ( Table 3 ). The opposite pattern resulted from anaerobic growth on glycerol alone, DHA alone, or glycerol plus fumarate. An interesting case is anaerobic growth on G3P plus fumarate. G3P transport and anaerobic G3P dehydrogenase are found at high levels, whereas the rest of the enzymes (with the exception of aerobic G3P dehydrogenase), which are gratuitous under such a growth condition, are found in rather low levels ( Table  4) .
The glycerol permeability of cells grown under a variety of conditions was checked by the osmotic method employed for the study of E. coli (12, 14) . The data are not presented because of inadequacy of this technique in Enzyme and transport levels during anaerobic growth on a mixture of glycerol and G3P. Enzyme and transport activities of K. aerogenes cells were measured at midpoints of the primary and secondary phases of the diauxie during anaerobic growth. The data in Table 5 indicate that glycerol dehydrogenase and DHA kinase levels were high in cells during growth on glycerol. Proteins of the G3P system are only slightly induced at the time of the initial sampling when 71% of the glycerol was consumed. By the time both carbon sources were exhausted, the levels of the enzymes in the DHA pathway had decreased, whereas those of the G3P pathway had increased. DISCUSSION K. aerogenes seems to have all of the enzymes of the glp system found in E. coli with the possible exception of the anaerobic G3P dehydrogenase, the existence of which was inferred from the circumstantial evidence that anaero- variety of conditions. The variables, enumerated under the abscissa, were carbon sources and hydrogen acceptors. Cultures were harvested at a density of 100 Klett units and specific enzyme and permease activities were determined using freshly prepared cells. G3P stands for sn-glycerol-3-phosphate, DHA for dihydroxyacetone, and FUM for sodium fumarate. for the anaerobic enzyme of E. coli (5, 6 In K. aerogenes, enzymes of the glp system are repressed when the cells are grown anaerobically on glycerol or on DHA. The presence of G3P and fumarate does not reverse this effect. Anaerobic growth on G3P plus fumarate in the absence of glycerol, however, results in high levels of the glp enzymes with the exception of glycerol kinase. Hence, molecular oxygen is not necessary for the induction of the glp system.
How, under anaerobic conditions, glycerol prevents the induction of the G3P pathway by G3P is not at all clear. Mutants that lack glycerol dehydrogenase or DHA kinase should help to determine whether metabolites, such as DHA or DHAP, affect the expression of the glp system.
The low levels of glycerol dehydrogenase in cells grown aerobically on glycerol may be the result of two kinds of control mechanisms. This enzyme was previously found to undergo a rapid energy-dependent inactivation when cells were shifted from anaerobic to aerobic growth on glycerol (7) . Specific repression of the gene for glycerol dehydrogenase may also be taking place, but this could be demonstrated only if the specific inactivation process were prevented. DHA kinase, in contrast, is relatively stable after the transition from anaerobic to aerobic growth on glycerol (Ruch, unpublished observations). Thus, its low level in aerobically grown cells is probably due to repression.
Experiments are now in progress to determine whether DHA is the inducer of the DHA pathway. If this is so, the rapid inactivation of glycerol dehydrogenase during aerobiosis would prevent glycerol from being converted to the inducer and thus would also serve as a mecha- 
